p53 has been referred to as the 'guardian of the genome' because of its role in protecting the cell from DNA damage. p53 performs its duties by regulating cell-cycle progression and DNA repair and, in cases of irreparable DNA damage, by executing programmed cell death. Mitochondria are an important target of transcription-dependent and -independent actions of p53 to carry out the apoptotic function. However, increasing evidence suggests that p53 activity is regulated by mitochondria. Cellular insults that alter mitochondrial function can have important consequences on p53 activity. In light of these new findings, the following review focuses on p53/mitochondria connections, in particular how reactive oxygen species generated at mitochondria regulate p53 activity. A better understanding of the mechanisms by which mitochondria regulate p53 may have an impact on our understanding of the development and progression of many diseases, especially cancer. Keywords mitochondria; p53; reactive oxygen species; skin cancer; ultraviolet radiation p53 is a sequence-specific transcription factor that determines the fate of a cell [1, 2] . p53 regulates the expression of an assortment of genes involved in various cellular functions, including cell-cycle regulation, apoptosis, DNA replication and repair, cell proliferation, cellular stress response and negative regulation of p53 [3, 4] . p53 is an important tumor suppressor because of its role in regulating cell-cycle progression and cell death in response to cellular stress [5] , and it is the most commonly mutated gene in cancer [6] . p53 normally exists in an inactive state at low concentrations in the cell, activated only when the cell is under stress, resulting in decreased degradation and rapid accumulation of p53. Stresses that activate p53 include heat shock, genetic or metabolic stress, and hypoxia [7] , as well as stresses that lead to DNA damage (ionizing and UV radiation, depurination of bases, DNA base alkylation and reactive oxygen species [ROS]-induced damage) [8] . p53 protein levels are controlled largely by Mdm2, a ubiquitin ligase that targets p53 for degradation. In
response to cellular stress, p53/Mdm2 interactions diminish, decreasing p53 ubiquitination and leading to the build-up of p53 protein [9] .
Protein stabilization is not sufficient for p53 to function properly. Post-translational modifications are important for activation of p53. For example, acetylation of lysine 120 on p53 by the histone acetyltransferase Tip60 is important for p53-induced cell-cycle arrest and apoptosis [10] . Treating neonatal rat cardiomyocytes with hydrogen peroxide results in apoptosis and correlates with increased phosphorylation of p53 at serine 15 [11] . Methylation of p53 at lysine 372 by Set9 methyltransferase leads to increased p53 stability and nuclear localization, resulting in increased expression of p53 target genes [12] . Various ROS and reactive nitrogen species (RNS) have also been shown to alter the expression and activity of p53. Other reviews discuss in detail these well-known features of p53 activation, stability and targets. In this review, we will focus on some lesser-known aspects of p53, with special emphasis on mitochondrial regulation of p53.
The mitochondrion is a membrane-bound organelle composed of an inner and outer membrane enclosing two distinct compartments: an intermembrane space between the two membranes and a matrix enclosed by the inner membrane [13, 14] . The mitochondrion is the major site of ATP production in the cell through the process of oxidative phosphorylation. Oxidative phosphorylation is performed by five enzyme complexes embedded in the inner membrane: complex I (NADH-ubiquinone oxidoreductase), complex II (succinate-ubiquinone oxidoreductase), complex III (ubiquinol-cytochrome c oxidoreductase), complex IV (ferrocytochrome c-oxygen oxidoreductase) and complex V (ATP synthase) [15] . The mitochondrion is also a major site for other diverse cellular functions [16, 17] , including various aspects of metabolism [18] [19] [20] [21] [22] [23] , cell-cycle control, apoptosis, signaling and stress response [18] .
The mitochondrion is an important site of initiation and progression of apoptosis [24, 25] . Many changes in the status of the mitochondrion initiate apoptosis. For example, altered mitochondrial membrane potential, membrane permeabilization and generation of ROS by the organelle are all key events that send cell death signals [26] . The mitochondrion also releases many molecules that carry out apoptosis. Cytochrome c, the protein that shuttles electrons between complex III and complex IV in oxidative phosphorylation [27] is an effector of apoptosis by interacting with cytosolic Apaf-1 to form the apoptosome and activate caspase-9. Smac/Diablo and Omi/Htr2 are proteins that interfere with the function of members of the inhibitor of the apoptosis (IAP) family. AIF and endonuclease G are released from the mitochondrion and enter the nucleus to participate in DNA degradation [28] .
The mitochondrion is an important site for intracellular signaling [29] . This signaling is key for the coordination of mitochondrial and nuclear activity for various cellular events [30] [31] [32] [33] . An important example is calcium-mediated mitochondrial signaling [34] . Different stresses on the mitochondrion (metabolic or genetic) result in increased cytosolic concentrations of calcium, leading to activation of the MAPKs ERK1/2 [35] and jun N-terminal kinase (JNK) [36] , as well as the cAMP response element binding protein (CREB; through activation of calcium/calmodulin kinase IV) [37] .
Many nuclear transcription factors have been identified in the mitochondrion [38, 39] , such as peroxisome proliferator-activated receptors (PPAR) [40] , NF-κB [41] , retinoid receptor-α (RXRα) [42] and retinoic acid receptor (RAR) [43] , as well as p53 [44, 45] . Members of the steroid and thyroid hormone superfamily of nuclear receptors have also been discovered in the mitochondrion [46] , including the triiodothyronine (T3) receptor [47] , estrogen receptor-β (ERβ [48, 49] , androgen receptor (AR) [49] and glucocorticoid receptor-α (GRα) [48] . These receptors work to coordinate mitochondrial and nuclear functions for a variety of cellular processes, including cell-cycle progression, metabolism and apoptosis [39, 46, 50] . For example, mitochondrial NF-κB negatively regulates the expression of mitochondrial DNAencoded cytochrome c oxidase III (COXIII) and cytochrome b in HT1080 cells after tumor necrosis factor-α treatment [41] . p53, a well-known nuclear transcription factor, also plays multiple roles in the mitochondrion through both transcription-dependent and -independent mechanisms.
Actions of p53 in the mitochondrion p53 & oxidative phosphorylation/metabolism
One of the hallmarks of cancer is the ability for a cell to alter its metabolism from aerobic respiration to glycolysis, a process called the Warburg effect [51] [52] [53] . p53 is important in regulating the switch between glycolysis and aerobic respiration [54] [55] [56] . p53 can control aerobic respiration by directly regulating the expression of synthesis of cytochrome c oxidase 2 (SCO2), a protein responsible for the assembly of the cytochrome c oxidase (COX) complex in the mitochondrion. p53 directly regulates the expression of SCO2 through a p53 response element in the first intron of the SCO2 gene. p53 stimulates luciferase activity in a dosedependent manner in p53-null HCT116 cells transfected with a luciferase reporter plasmid containing a fragment of the SCO2 gene that has a p53 response element and various concentrations of a p53 expression plasmid. Mutation of this p53 response element completely blocks the response of the reporter plasmid to p53. Over-expression of SCO2 in p53-deficient HCT116 cells increases mitochondrial oxygen consumption in a dose-dependent manner. Using parental HCT116 cells expressing p53, small-interfering RNA targeted against p53 results in decreased SCO2 protein expression and decreased oxygen consumption [57] .
p53 is also involved in the regulation of glycolysis by controlling the expression of glycolytic enzymes. In mouse embryonic fibroblasts, overexpression of the glycolytic enzyme phosphoglycerate mutase (PGM) leads to increased glycolysis and immortalization. Expression of p53 in these cells results in decreased expression of PGM in a dose-dependent manner. Overexpression of PGM or a dominant-negative form of p53 results in decreased ROS production and oxidative DNA damage [58] . p53 also regulates the expression of TP53-induced glycolysis and apoptosis regulator (TIGAR) [59] . TIGAR expression leads to decreased rates of glycolysis, while siRNA targeted against TIGAR increases glycolysis rates. TIGAR overexpression induced by p53 protects cells from apoptosis, but not from cell-cycle arrest. Reduced glutathione concentrations lead to TIGAR protecting cells against ROSmediated apoptosis, but not against apoptosis that does not require ROS generation. One mechanism by which TIGAR induces these effects is by dephosphorylating fructose2,6-bisphosphate to fructose-6-phosphate and shuttling this intermediate through the pentose phosphate pathway, which results in the generation of reduced glutathione and reduces ROS levels in the cell.
p53 & mitochondrial DNA repair
One function of p53 is to participate in the repair of DNA damaged by various stresses [1] . Participation of p53 in mitochondrial DNA repair has been identified in a variety of systems. Using liver mitochondria extracts from wild-type, heterozygous p53 (p53 −/+ ) and homozygous p53 knockout (p53 −/− ) mice, de Souza-Pinto et al. [60] found that p53 participates in mitochondrial base excision repair by stimulating the nucleotide incorporation activity of DNA polymerase-γ. In HCT116 colorectal cancer cells, p53 stimulates both the glycosylase step of mitochondrial base excision repair (to remove the damaged base) and the incorporation step [19] . p53 increases DNA polymerase-γ nucleotide incorporation activity through direct interactions with the polymerase [61] . Nithipongvanitch et al. found that translocation of p53 to the mitochondria correlates with doxorubicin-induced oxidative mitochondrial DNA damage in mouse cardiomyocytes, and that this mitochondrial DNA damage is significantly higher in p53 −/− mice [62] .
p53 & apoptosis
Apoptosis is a highly regulated form of cell death in which single cells or small groups of cells are targeted to die. The cell first undergoes nuclear and cytoplasmic condensation, eventually leading to the formation of small membrane-bound fragments called apoptotic bodies. These apoptotic bodies are then phagocytosed by surrounding cells [63, 64] . This process is important in a range of normal functions, including embryonic development and the immune system [65] . Apoptosis can be broadly divided into two pathways: the extrinsic and intrinsic pathways. The extrinsic pathway results from the cell receiving some external stimulus for cell death, while the intrinsic pathway is due to internal stresses [66] , although cross-talk exists between these pathways [67, 68] . Mitochondria are important for carrying out the intrinsic apoptotic pathway, and p53 is vital to the execution of this pathway through both transcription-dependent and -independent mechanisms [69] .
p53 regulates the transcription of myriad proteins involved in apoptosis. p53 directly regulates the expression of Apaf-1, a scaffolding protein for caspase-9 activation [70] , as well as survivin, a member of the IAP family of proteins [71, 72] . p53 also controls apoptosis, in part, through transcriptional regulation of various members of the Bcl-2 family, an important family of proteins whose members are involved in both the execution and inhibition of apoptosis at mitochondria, including Bcl-2 [73, 74] , p53 upregulated modulator of apoptosis (PUMA) [75] and Bax [76, 77] .
p53 can also induce apoptosis in a transcription-independent manner by directly targeting the mitochondria of the cell [78, 79] . Marchenko et al. showed that p53 translocates to the mitochondria very quickly (within 1 h) after γ-irradiation in various cell lines [45] . This translocation precedes cytochrome c release and changes in mitochondrial membrane potential. p53 also interacts directly with Bcl-2 and Bcl-xL to block their antiapoptotic activity and induce apoptosis [80, 81] . p53 also interacts with the proapoptotic Bak [82, 83] , Bax [84, 85] and PUMA [86] to induce apoptosis.
Manganese superoxide dismutase (MnSOD) is an important anti-oxidant enzyme found in mitochondria that protects cells from damage induced by ROS. Using E1A/Ras transformed fibroblasts that either express wild-type p53 (p53 +/+ ) or are p53 deficient (p53 −/− ), Pani et al. [87] found that MnSOD expression and enzyme activity are much higher in p53 −/− cells compared with wild-type controls, and that these p53 −/− cells are more resistant to ROSgenerating conditions (serum starvation or treatment with paraquat or adriamycin). The inverse relationship between p53 and MnSOD expression correlates with various cancer cell lines that express mutated p53 or have lower levels of p53 than corresponding normal tissues, suggesting that p53 negatively regulates MnSOD expression. Dhar et al. found that p53 blocks both constitutive-and TPA (12-O-tetradecanoyl-13-acetate)-stimulated MnSOD gene expression through interactions with Sp1 in the promoter region of the MnSOD gene [88] . p53-mediated repression of MnSOD gene expression was blocked by either lowering Sp1 levels with Sp1-specific siRNA or mutating Sp1 binding sites in the MnSOD basal promoter. Since MnSOD is important in protecting mitochondria from the damaging effects of ROS, it follows that suppression of MnSOD expression by p53 may be an important mechanism of p53-mediated increased ROS production from mitochondria.
Mitochondria & reactive oxygen/nitrogen species
Mitochondria are a major source of reactive oxygen species ROS are a consequence of living in an oxygen-rich atmosphere. They are the products of oxygen metabolism [89] and can act as second messengers for cellular signaling [90] [91] [92] . ROS are involved in a variety of cellular processes, such as cell adhesion, immune response and apoptosis [93] . ROS exert their effects, in part, by altering the activity of many proteins, including many transcription factors [94, 95] , as well as diverse tyrosine and serine/threonine kinases [96] and mitogen-activated protein kinases [97, 98] . While low levels of ROS are important for cell growth and differentiation [99] , abnormal ROS production is involved in myriad diseases, including atherosclerosis, diabetes [93] , various neurological disorders [100] and cancer [101] [102] [103] .
Mitochondria are the principle source of ROS in the cell under physiological conditions, and superoxide radicals are the major ROS produced by this organelle. The two major superoxideproducing enzymes in mitochondria are complex I (NADH-ubiquinone oxidoreductase) [104] [105] [106] [107] and complex III (ubiquinol-cytochrome c oxidoreductase) [108] [109] [110] . Superoxide radicals can be particularly damaging because they attack iron-sulfur centers in various enzymes in the mitochondria, resulting in the release of free iron cations. This free iron can catalyze the formation of hydroxyl radicals from hydrogen peroxide through the Haber-Weiss reaction (Figure 1 ) [111] [112] [113] . Superoxide radicals also participate in the formation of RNS. Superoxide radicals react with mitochondrial nitric oxide to form peroxynitrite [114] , which can interact with and alter the activity of a variety of proteins in mitochondria, including complexes I, II and V of the electron transport chain and the matrix enzymes aconitase, glutathione peroxidase and MnSOD [115] .
Ways to scavenge mitochondrial reactive oxygen species
Because of the toxic ROS produced from normal oxygen metabolism [89, 116] , cells are equipped with many enzymes that detoxify ROS, both within the mitochondria and in the cytoplasm (Figure 1) [117, 118] . Superoxide dismutases (SODs) are the primary ROS detoxifying enzymes of the cell [119] . Three types of SOD exist in the cell: copper-and zinccontaining SOD (CuZnSOD), extracellular SOD and manganese-containing SOD (MnSOD) [120] . CuZnSOD is found primarily in the cytoplasm [120] , although small amounts are also found in the intermembrane space of the mitochondria [121, 122] . Extracellular SOD shares strong amino acid homology with CuZnSOD, contains Cu and Zn in its active site, and is localized to the extracellular region [123] . MnSOD is found exclusively in the mitochondrial matrix [121, 122] . All three enzymes catalyze the dismutation of superoxide radicals into molecular oxygen and hydrogen peroxide [124] .
Hydrogen peroxide is a ROS that has been shown to serve as a second messenger in cellular signaling [90] [91] [92] . The cell uses multiple enzyme systems to catalyze the decomposition of hydrogen peroxide into water and molecular oxygen [117] . One enzyme system that detoxifies hydrogen peroxide involves glutathione peroxidase. Two forms of GPX, GPX1 and phospholipid-hydroperoxide GPX (PHGPx) have been identified in mitochondria [125, 126] . These enzymes catalyze the reduction of hydrogen peroxide to water using reduced glutathione, resulting in the formation of oxidized glutathione. Glutathione in mitochondria is regenerated by glutathione reductase [127] . Peroxiredoxins (PRX) are also used to detoxify hydrogen peroxide [128] . Two forms of peroxiredoxins have been identified in mitochondria: PRX III [129, 130] and PRX V [131] . Using reduced thioredoxin, peroxiredoxins catalyze the decomposition of hydrogen peroxide to produce water and oxidized thioredoxin. Reduced thioredoxin is regenerated by mitochondrial thioredoxin reductase II [132, 133] . Catalase is another important enzyme used by cells to decompose hydrogen peroxide [134, 135] . Catalase converts two molecules of hydrogen peroxide into two molecules of water and one molecule of oxygen; therefore, catalase works best with high concentrations of hydrogen peroxide. Catalase is found primarily in peroxisomes, where it decomposes hydrogen peroxide formed from the β-oxidation of fatty acids [136] , although it is also found in the cytoplasm. Some controversy exists concerning the presence of catalase in mitochondria. Zhou and Kang [137] found catalase in the sarcoplasm, nucleus and peroxisomes, but not the mitochondria, of transgenic mice overexpressing catalase. On the other hand, Radi et al. [138] discovered catalase in the mitochondrial matrix of rat heart mitochondria, and a recent report by Salvi et al. [139] shows that catalase is found throughout different subcellular compartments, including mitochondria.
ROS/RNS are able to regulate p53
Redox modification of amino acid residues is an important mechanism for controlling the expression and transcriptional activity of various transcription factors [140] . These modifications include carbonylation of lysine, arginine, proline or threonine [141] , in addition to nitration and phosphorylation of tyrosine [142, 143] and various modifications of cysteine [141] . Transcription factors subject to regulation by the redox status of the cell include NF-κB and AP-1 [140] , as well as p53 [144] [145] [146] . Different ROS and RNS lead to modifications of p53 and alter its activity. Using recombinant human p53 protein, as well as the D54MG human glioblastoma cell line expressing wild-type p53, Cobbs et al. [147] found that treatment with peroxynitrite or NO-donating compounds leads to p53 tyrosine nitration, resulting in the formation of high-molecular-weight intermediates and loss of DNA binding activity. Increased p53 tyrosine nitration was also observed in MCF-7 human breast cancer cells treated with Snitrosoglutathione [148] . Interestingly, low concentrations of these compounds increase p53 DNA-binding activity [148] , while high concentrations decrease this binding activity [147] [148] [149] . Furukawa et al. [150] found that treatment of TIG-3 normal human fibroblast cells with sublethal doses of hydrogen peroxide leads to the accumulation of acetylated p53, increased expression of p21 and induction of cellular senescence through decreased activity of the NAD + -dependent deacetylase SIRT1.
The modification of cysteine is vitally important to redox regulation of proteins [141, 151] . Modifications of cysteine residues include oxidation of the sulfhydryl group to sulphenic, sulphinic or sulphonic acids and formation of S-nitrosothiols and S-thiolation through the production of inter-/intra-protein disulfide bonds or mixed disulfides with glutathione [141] . Examples of cysteine modification can be found in many transcription factors, including NF-κB and AP-1 [152, 153] . Cysteine residues are also essential for the redox regulation of p53 function [154] . For example, pyrrolidine dithiocarbamate, a strong pro-/anti-oxidant, blocks UV-induced build-up of p53 protein and expression of the p53 target gene MDM2 in various fibroblast cell lines through increased cysteine oxidation [155] . Oxidation of Cys277 in p53 is responsible for changes in DNA sequence binding specificity. 24 h after UVC irradiation of WS-1 human fibroblasts, p53 bound to response elements that contain thymine that contacts Cys277. Reduction of p53 using dithiothreitol (DTT) results in increased binding to cytosinecontaining p53 response elements [156] . Velu et al. have reported glutathionylation of p53 after treatment with various anticancer drugs (cisplatin, doxorubicin, amsacrine and vincritine), as well as different sources of exogenous ROS (hydrogen peroxide, diamide and tert-butyl hydroperoxide) [157] . Glutathionylation occurs in tandem with p53 phosphorylation, and results in decreased p53 DNA binding activity due to modification of cysteine residues at the DNA-binding domain that interfere with both DNA-binding and dimer formation.
The redox status of p53 is fundamentally important to its DNA-binding activity [158] . Reduced p53 preferentially binds to supercoiled DNA, while oxidation of p53 decreases this favored binding [158] [159] [160] . Once oxidation of p53 occurs, reduction with DTT does not restore DNA binding [159] . The effect of oxidation on p53 DNA binding activity is due, in part, to the release of Zn ions from the DNA-binding domain, and the presence of excess Zn ions partially protecting p53 from the irreversible decrease in DNA binding induced by oxidizing agents [158, 159] . Redox status also affects sequence-specific DNA binding of p53. In the WS-1 human fibroblast cell line, treatment with UVC radiation leads to changes in the redox status of p53 and a time-dependent decrease in p53 binding to a GADD45 sequence, while binding to sequences for p21 WAF1/CIP1 and Bax genes is not affected [156] .
Redox status also affects p53 conformation and oligomer formation. p53 reduced by DTT contains five free thiol groups, while oxidized p53 contains only four free thiols, suggesting that oxidized p53 contains a disulfide bond. Addition of DTT to oxidized p53 results in increased DNA binding. The formation of this disulfide bond in oxidized p53 results in distinct conformational changes compared with reduced p53. Reduced p53 binds to DNA as a tetramer, while the majority of oxidized p53 exists as monomers, dimers and various other highmolecular-weight oligomers (as determined by atomic force microscopy) [161] .
Many oxidants and anti-oxidants have been shown to carry out their actions through p53. Liu et al. found that sulfur-containing anti-oxidants, such as N-acetylcysteine, induce apoptosis by increasing the expression of p53 [162] . Selenium-containing anti-oxidants also activate p53. Treatment of H1299 human lung cancer cells with selenomethionine (SeMet) leads to reduction of cysteine residues. The transcription factor Ref1 proved to be important in SeMet-induced cysteine reduction. SeMet treatment also leads to the increase of p53 DNA binding and the protection of mouse embryonic fibroblasts from UV radiation [163] . Other seleniumcontaining compounds, including methyl-selenic acid and sodium selenite, cause phosphorylation of various serine and threonine residues of p53 that are involved in p53-mediated apoptosis [164] . The oxidant pyrrolidine dithiocarbamate, on the other hand, inhibits UV-induced translocation of p53 to the nucleus and transactivation of p53-responsive genes by oxidizing key p53 cysteine residues [155] .
Various p53 gene mutations [165, 166] and polymorphisms [167] [168] [169] [170] have been reported, and the resulting changes in the p53 protein may affect intracellular localization and redox modification of the protein. For instance, a polymorphism at codon 72 results in either proline or arginine at position 72 in the p53 protein. This polymorphism does not affect the ability of p53 to regulate gene expression, but it does affect intracellular localization. The Arg72 polymorphism has greater mitochondrial localization of p53 than the Pro72 variant has. This difference in localization between the variants is due to increased interaction of Arg72 with MDM2 and CRM1, which increases p53 ubiquitination and nuclear export. The Arg72 variant also shows increased interaction with the mitochondrial import proteins GRP75 and Hsp60 [171] . The effects of this polymorphism, or others, on ROS regulation of p53 would provide important insights into the effects of oxidative stress on p53 stabilization, localization and activity.
Since mitochondria are the major source of ROS in the cell [111] [112] [113] , and ROS can modify the activity of p53 [144] [145] [146] , it follows that alterations in mitochondrial functions that affect ROS formation may also affect p53. In particular, changes in mitochondrial membrane potential (MMP) affect p53 activity. In MOLT-3 human leukemia cells, treatment with oligomycin (an ATP synthase inhibitor) causes a decrease in mitochondrial membrane potential and an increase in mitochondrial ROS production, resulting in decreased etoposide-induced p53 accumulation and expression of p53 target genes, as well as decreased apoptosis [172] . Treatment of JB6 mouse epithelial cells with TPA (12-O-tetradecanoylphorbol-13-acetate) causes a rapid accumulation of p53 and localization to both the nucleus and mitochondria (outer membrane and matrix). p53 interacts directly with MnSOD and leads to a decrease in superoxide-scavenging activity of MnSOD. p53 mitochondrial localization leads to decreased MMP and increased apoptosis. Treatment with MnTE-2-PyP 5+ (a MnSOD mimetic) has only a small effect on mitochondrial p53 localization, but it abrogates p53 nuclear translocation and expression of Bax [173] . Ciclosporin A (CsA; an agent that blocks the mitochondrial permeability transition pore) blocks TPA-induced p53 translocation to mitochondria in JB6 cells by hindering TPA-mediated decreases in MMP and complex I activity [174] .
The mitochondrion is an important sensor of oxygen in the cell. Changes in oxygen concentration elicit changes in mitochondrial activity, resulting in an adaptive response by the cell [175] . For example, in embryonic chick cardiomyocytes, a decrease in atmospheric oxygen concentration results in an increase in ROS production (demonstrated by increase in dichlorofluorescein fluorescence) and a simultaneous decrease in contractile motion. Treatment with various anti-oxidants (2-mercaptopropionyl glycine and 1,10-phenanthroline) or inhibitors of oxidative phosphorylation (rotenone and TTFA) blocks the increase in dichlorofluorescein fluorescence, suggesting that ROS are generated from the mitochondria [176] . Mitochondrial ROS generated as a result of hypoxia leads to accumulation of p53 protein in MCF-7 human breast cancer cells [177] . In human ML-1 cells, hypoxic conditions lead to accumulation of p53 at the outer membrane of mitochondria [178] . Thus, it is possible that ROS initiated in mitochondria may cause p53 translocation to mitochondria and enhance oxidative stress in mitochondria by mechanisms that are both dependent and independent of its transcription function, thereby amplifying its apoptotic pathway. Potential effects of changes in mito chondrial ROS/RNS production on p53 localization and activity are summarized in Figure 2 .
Implications for skin cancer
The effects of mitochondrial function (in particular, ROS generation) on p53 activity may have important implications for the development and progression of skin cancer, especially for UV radiation-induced carcinogenesis. It has been known for some time that UV radiation causes skin cancer [179] . While the role of UVB (short-wave) radiation in the development of skin cancer is well established, an increasing number of studies have demonstrated that UVA (longwave) radiation is also capable of inducing skin cancer. For example, Agar et al. [180] found more UVA fingerprint mutations in the basal layer of various human skin samples than UVB mutations, suggesting that UVA may act as a carcinogen in skin stem cells. In the immortalized human skin keratinocyte cell line HaCaT, UVA exposure causes double-strand DNA breaks and increases formation of micronuclei. UVA exposure results in tumorigenic transformation in HaCaT cells, leading to the formation of squamous cell carcinomas in nude mice [181] . Low doses of UVA cause cell-cycle progression through pathways involving AKT, epidermal growth factor receptor, cyclin D1 and the metalloprotease ADAM17 (a disintegrin and metalloprotease 17) in HaCaT cells [182] .
UV radiation is capable of inflicting both direct and indirect DNA damage through various mechanisms. UV can induce damage through direct absorption by DNA bases, resulting in the formation of cyclopyrimidine dimers. UV can also cause indirect DNA damage through various chromophores. These chromophores can absorb UV radiation and either transfer this energy to the DNA bases (type I photosensitized reaction) or to molecular oxygen, with the resulting ROS damaging the DNA (type II photosensitized reaction) [183] . Different types of UV cause various forms of DNA damage: UVB produces more direct DNA damage, while UVA induces more indirect (oxidative) DNA damage, especially the formation of 7,8-dihydro-8-oxyguanine (8-oxoG) [183, 184] .
Oxidative stress plays an important role in the development and progression of skin cancer [185] . Various carcinogens are activated by ROS or generate ROS as a part of their mechanism of cancer initiation and/or promotion [186] . Different studies have shown that UVA inflicts DNA damage through the production of ROS, especially singlet oxygen, leading to 8-oxoG formation [187, 188] . Oxidative damage caused by UVA is not limited to DNA. In HaCaT cells, UVA also induces lipid peroxidation. Interestingly, a low-dose rate produces more oxidative damage than a high-dose rate does [189] .
p53 is activated in response to UV-induced DNA damage [179, 190] . However, UVA and UVB have different effects on p53. In human primary neonatal skin fibroblasts, activation of p53 (as indicated by Ser15 phosphorylation) is less pronounced in UVA-than in UVB-irradiated cells [191] . In a study of the effects of UV radiation on melanoma cells [192] , WM239 cells (expressing wild-type p53) were more sensitive to both UVA-and UVB-induced apoptosis than SK-MEL-28 cells were, which express a mutant form of p53. These studies suggest the possibility that UVA and UVB, through different mechanisms, may act together to induce skin cancer.
Mitochondria are an important target of UV radiation. UVA irradiation has been shown to cause decreased MMP in the HL-60 cell line [193] . Gniadecki et al. [194] , on the other hand, found UVA does not alter MMP but increases ROS production through complexes II and III of the mitochondrial electron transport chain. In HaCaT cells, UVB irradiation results in an increase in ROS levels and mitochondrial membrane depolarization, starting 6-and 12-h postirradiation, respectively. These changes correlate with an increase in p53 levels, starting 12-h post-irradiation [195] . These results suggest that p53 accumulation might be a result of UVmediated alterations in mitochondrial activity.
Conclusion
p53 is vital to the life of a cell, regulating many activities that maintain genomic stability and cell viability through both transcription-dependent and -independent mechanisms. The mitochondrion is an important target of p53 activity. While p53 regulates many mitochondrial functions, the mitochondrion can also regulate p53 accumulation and activity through ROSmediated mechanisms. As mitochondrial activity is altered by UV exposure, control of p53 by the mitochondrion may prove to be important in UV-induced skin carcinogenesis, and an understanding of this relationship might lead to improved skin cancer therapies and chemoprevention.
Future perspective
To better understand the mechanisms by which mitochondrial ROS regulate p53 stability and activity, many questions remain to be answered. Various ROS are produced by mitochondria, including superoxide, hydrogen peroxide and peroxynitrite. Post-translational modifications of p53 are important for the stabilization, as well as the activation, of p53. Do these ROS alter p53 activity by directly modifying p53 protein or by altering the activity of certain proteins that interact with and/or alter p53, such as MDM2, molecular chaperones, or even other members of the p53 family (p63 and p73)? How does p53 get to mitochondria without mitochondrial targeting sequences? Once p53 migrates to mitochondria, does it undergo further ROS-mediated modifications that alter its activity within the organelle? Post-translational modifications have diverse effects on p53 activity, with some modifications increasing and others decreasing p53 activity. Do the same conditions that cause p53 to migrate to mitochondria also cause p53 to later migrate to the nucleus? Does p53 mitochondrial localization alter the activity of mitochondria in such a way that a different set of signals causes p53 nuclear translocation?
Finally, what roles do p53 gene polymorphisms and mutations play in ROS-induced p53 mitochondrial translocation? For instance, the Arg72 variant of p53 has a greater affinity toward mitochondrial translocation than the Pro72 variant has. Do other polymorphisms or mutations also modify p53 subcellular localization, thereby affecting p53-induced cell-cycle regulation or apoptosis? p53 polymorphisms and mutations may have two effects on p53 that make them more susceptible to ROS-mediated modification. First, changes in the amino acid sequence of p53 introduced by mutations and/or polymorphisms may alter the conformation of p53 in such a way that reactive amino acids are available for modification. Second, these mutations and polymorphisms may themselves be reactive toward either direct modification by ROS or some ROS-mediated post-translational modification.
Executive Summary
Actions of p53 at mitochondria
• p53 controls the expression of genes that regulate oxidative phosphorylation (SCO2) or are involved in pathways that feed into oxidative phosphorylation (PGM and TIGAR).
• p53 maintains mitochondrial genome stability by directly interacting with proteins involved in mitochondrial base excision repair.
• p53 controls mitochondria-centered apoptosis in two ways: p53 regulates the expression of genes that participate in apoptosis (transcription-dependent actions); and p53 translocates to mitochondria and physically interacts with mitochondrial proteins that carry out apoptosis (transcription-independent actions).
Mitochondria & reactive oxygen and nitrogen species
• Mitochrondria are a major source of reactive oxygen species (ROS) through superoxide radical formation at complexes I (NADH-ubiquinone oxidoreductase) and III (ubiquinol-cytocohrome c oxidoreductase).
• Mitochondria contain several enzymes that detoxify ROS (manganese superoxide dismutase, glutathione peroxidase and peroxiredoxin).
• p53 oligomerization and DNA-binding activity is altered by its redox status through changes in conformation, changes in zinc binding at the DNA-binding domain and oxidation of key cysteine residues.
• Changes in mitochondrial function directly impact p53 activity by altering ROS levels.
Implications for skin cancer
• UV irradiation causes increased oxidative stress, in part, through increased mitochondrial ROS production and changes in mitochondrial membrane potential.
• UV irradiation results in accumulation of p53 due to increased ROS production and decreased mitochondria membrane potential.
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